Background/Aims: Our study aims to investigate the role, effect and mechanisms of ESRP1 (epithelial splicing regulatory protein 1) in epithelial-mesenchymal transition (EMT) in epithelial ovarian cancer (EOC). Methods: Microarray and immunohistochemical analysis of ESRP1 expression were performed in EOC cases. The correlations between ESRP1 expression and clinical factors on EOC were assessed. Lentivirus-mediated RNA interference and EGFP vector which contains ESRP1 gene were used to down-regulate and up-regulate ESRP1 expression in human EOC cell lines. Roles of ESRP1 in cell growth, migration and invasion of EOC cells were also measured by Cell Counting Kit-8 and Transwell systems in vitro and by a nude mice intraperitoneal transplantation model in vivo. Results: By the analysis of Gene Expression Omnibus (GEO) (p<0.05) and our own microarray data (p<0.001), ESRP1 expression in EOC was significantly different from normal ovarian tissue. It was abundant in the nuclei of cancer cells and in malignant lesions. However, it was weakly expressed or negative in both normal and benign lesions. High ESRP1 expression in EOC was associated with poor clinical outcomes. Decreased ESRP1 expression significantly increased cell migration and invasion both in vivo and in vitro. Snail strongly repressed ESRP1 transcription through binding to the ESRP1 promoter in EOC cells. Furthermore, ESRP1 regulated the expression of CD44s. Down-regulated ESRP1 resulted in an isoform switching from CD44v to CD44s, which modulated epithelial-mesenchymal transition (EMT) program in EOC. Up-regulatin of ESRP1 was detected in mesenchymal to epithelial transition (MET) in vivo. Conclusions: ESRP1 regulates CD44 alternative splicing during the EMT process which plays an important role in EOC carcinogenesis. In addition, ESRP1 is associated with disease prognosis in EOC.
Snail Driving Alternative Splicing of CD44 by ESRP1 Enhances Invasion and Migration in Epithelial Ovarian Cancer
Le
Introduction
Ovarian cancer is the third most common gynecological cancer in the world but the leading cause of death from gynecological malignancies. 90% of ovarian cancer is epithelial ovarian cancer (EOC) [1] . Debulking surgery and chemotherapy are standard treatment for EOC, by which the 5-year survival rate of EOC is still unsatisfactory due to extensive local tumor invasion and early metastasis [1] [2] [3] [4] [5] . Thus, understanding the mechanisms that regulate EOC invasion/ metastasis is crucial to the development of new and more effective therapies. Epithelial-mesenchymal transition (EMT) is a tightly regulated process, which is critical for embryogenesis. It is abnormally activated during cancer metastasis and recurrence. Such changes result in loss of cell polarity and cell-cell adhesions, cytoskeletal reorganization, downregulation of epithelial E-cadherin, upregulation of mesenchymal N-cadherin, and enhanced resistance to cell death. These newly acquired properties lead to increased invasiveness and cell migration [6] .
The development of metastasis requires EMT to enable cancer cells to migrate from their primary tumor sites. A mesenchymal to epithelial transition (MET) is proposed to be a necessary driving force for re-colonization at distant sites, which allows for tumor engraftment and growth of cancer cells at metastatic sites. Several studies clearly support the role of an EMT in dissemination and the necessity of a subsequent MET for colonization and macro-metastasis [7] [8] [9] . The phrase "adaptive plasticity" explains how cancer cells gain selective growth and survival capabilities through phenotypic changes in response to their environment. However, those mechanisms that initiate and enable phenotypic changes are not fully defined. Understanding the mechanisms that regulate the EMT or MET process would provide us with key insight.
The potential role of alternative splicing, which represents an important gene regulatory mechanism in EMT or MET, may lead to aggressive cellular behavior that contributes to cancer progression. Alternative RNA splicing is a process by which cells generate multiple protein products from a single gene. Nearly all mammalian genes undergo alternative splicing [10, 11] . Aberrant alternative splicing frequently occurs in cancer [12, 13] , but no direct splicing pathways have yet been established in EOC. In this study, we specifically addressed this issue by studying the role of ESRP1 in EOC. Epithelial-specific RNA binding protein does regulate alternative splicing events in the EMT process [14] . It was reported that some transcription factors such as δEF1 family proteins, δEF1 and SIP1, were increased after TGF-β treatment, and subsequently repressed the expression of ESRP1 [15] . Conversely, in these TGF-β-treated cells, ectopic ESRP1 inhibited the conversion of alternative splicing pattern of epithelial types into those of mesenchymal types, as well as down-regulation of the expression of E-cadherin [15] . Some studies also indicated that ESRP1 was associated with degree of differentiation and overall survival rate in multiple tumors [16] [17] [18] . Some experts have demonstrated that ESRP1 regulated alternative splicing of FGFR2, CD44, p120-catenin (CTNND1) and Mena (ENAH) during the EMT process [14, 19] . For example, ESRP1 enhanced splicing of exon IIIb and silenced the exon IIIc in FGFR2 [14, 19] . In addition, FGFR2 and CD44 isoforms were associated with cell proliferation and invasion in pancreatic cancer [20, 21] .
However, the functional relevance and molecular mechanisms of the alternative splicing by ESRP1 remain unclear in EOC. Our study aims to reveal the important role of the ESRP1 in tumor progression, invasion and metastasis, and to provide some potential clinical application in EOC.
Tissue microarray (TMA) and Immuno-histochemistry (IHC)
As was previously described [24] , the following procedures were used for TMA and IHC. Briefly, tissue was fixed in 4% paraformldehyde for at least 24 hours. 4µm sections were prepared on the microtome and placed on clean, positively charged microscope slides. TMA sections were incubated overnight with ESRP1 (1:50) primary antibody. Antigen-antibody reactions were visualized with 3, 3-diaminobenzidine, the chromogenic substrate for peroxidase, and hematoxylin was used to counterstain the tissue.
ESRP1 expression in each case was rated according to a score that added a scale of intensity of staining to the area of staining as described [17] . More than 10 high-power fields were chosen randomly, and >1, 000 cells were counted for each section. The intensity of staining was graded on the following scale: 0, no staining; 1+, mild staining; 2+, moderate staining; 3+, intense staining. The area of staining was assessed as follows: 0, no staining of cells in any microscopic fields; 1+, <30% of tissue stained positive; 2+, between 30% and 60% stained positive; 3+, >60% stained positive. The score when summed (extension + intensity) was therefore, between 0 to 6. A combined staining score (extension + intensity) of ≤2 was considered to be a negative staining (low staining); a score between 3 and 4 was a moderate staining; whereas a score between 5 and 6 was a strong staining.
RNA extraction, Gene microarray and Quantitative real-time PCR (qRT-PCR)
Total RNA from cells or fresh tissues was extracted using the Trizol Kit (Life Technologies, Rockville, MD, USA). Gene microarray analysis of gene expression profiles in ovarian tumors from three EOC patients (FIGO stage IIIC, high grade serous ovarian cancer) and three normal ovarian tissues was performed using Affymetrix HTA 2.0 Array (Affymetrix Inc, Santa Clara, California, USA). For these three EOC patients, primary surgical evaluation was used to determine the clinical stages and presence of metastases according to the 2014 FIGO classification [23] , whereas histopathologic analysis was performed by gynecologic pathologists to assess cancer types and grades. QRT-PCR was performed using Accurate Genomic DNA Removal kit (Applied Biological Materials Inc, BC, Canada) and SYBR® Green Realtime PCR Master Mix kit (Takara Bio, Tokyo, Japan). The β-actin gene was used as a control for this reaction. The data was analyzed using the ΔΔCt method and normalized to β-actin levels. The primer sequences used in RT-PCR are presented in Table 1 . All qRT-PCR experiments were repeated at least three times.
Cell culture
The human EOC cell lines HO8910, A2780, SKOV3 and OVCAR5 were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) as we described previously [24] . Cells were incubated with recombinant human TGF-β (10ng/mL) purchased from R&D Systems (Minneapolis, MN, USA) for 24 to 48 hours for the TGF-β-induced EMT. RNA and protein samples were then extracted.
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RNA Interference
Small double-stranded siR-NA oligonucleotides chemically synthesized by SangonBiotech (Shanghai, China) were tranfected into EOC cells using Lipofectamine 3000 transfection kit with 10nM/mL to induce shortterm silencing of genes of CD44. The siRNA sequences used in this study was: human CD44 5'-GAAC-GAAUCCU -GAAGACAUdTdT -3'. The effect of CD44 silencing was detected by qRT-PCR.
Human ESRP1 ShRNA was designed by Shanghai Genechem Co.LTD. This synthetic oligonucleotide used was: 5′-GATC-CGCTCTGGTTAGGTTT -GTA-AGTGATTCAAGAGATCACTTA -CAAACCTAACCAGAGCTTTTTTA -3'. It has been proven to be efficient in ESRP1 silencing experiments. To knock out ESRP1 in the OVCAR-5 and HO8910 cancer cell lines, cells were seeded in a 6-well tissue culture plate with 2×10 5 / well one day prior to infection. The complete culture solution was replaced by the infectionenhanced solution with 5μg/ml polybrene (AMRESCO, Houston, Texas, USA), and the packed lentivirus was added to cells with multiplicity of infection (MOI=70). After 16 hours, the lentivirus solution was replaced with complete culture solution. Infected cells were sub-cultured every 5-7 days and the stable transfected cells were selected by puromycin (1µg/mL). The effect of ESRP1 silencing was detected by qRT-PCR and Western Blot.
Dual-Luciferase Reporter assay system
Dual-Luciferase Reporter assay system was constructed as reported [25] . The ESRP1 promoter region including four E-boxes (CANNTG) structures was PCR-amplified from genomic DNA which was isolated from HO8910 cells. Sequences of primers used in PCR were: forward: AGTCGAGCTCTGGTTTGAAGGAGCCAATG; reverse: GACTAG ATCTCTTCCTTGCTACTGCTAGTGC. PCR product was sequenced by SangonBiotech (Shanghai, China) and validated by GenBank database (NCBI Reference Sequence: NT_008046.17), which contained all four E-boxes structures. The ESRP1 promoter construct was created by cloning the above PCR product into the SacI and BglII sites of the pGL3-Basic vector. Briefly, HO8910 cells were seeded in a 24-well plate in antibiotic-free media.Cells were co-transfected ESRP1 promoter construct with either pENTER-Snail or EV-pENTER (NC) plasmid after attachment. PRL-TK plasmid (Promega, WI, USA) was also transfected in each group and served as an internal control reporter. Cells were collected 48 hours after transfection and analyzed using the Dual-Luciferase Reporter Assay System (Promega, WI, USA). Luciferase activity was detected using an M200 microplate fluorescence reader (Tecan, Beijing, China) and the results were normalized against Renilla luciferase activity. Transfection experiments were duplicated and repeated in at least three independent experiments. 
Immunofluorescence (IF)
Cells were plated on sterilized cover slips in 6-well plates and cultured for 24 hours at 37ºC. Then, the cells were fixed in 4%Paraformaldehyde for 10 minutes, followed by permeabilization for 10 minutes in 0.5% Triton X-100 in PBS. Before being incubated at 4 °C with primary anti-α-SMA antibody diluted in PBS (1:100) overnight, cells were blocked with 3% H 2 O 2 for 15 minutes, then with 10% normal goat serum for 15 minutes at room temperature. A second antibody, Cy3-labeled mouse anti-goat IgG (purchased from Boster, Wuhan, China), was added at room temperature for another 2 hours afterwards. Finally, DAPI was added for 5 minuntes at room temperature. We used immunofluorescence to examine the cells under using the Olympus BX53 microscope (Olympus, Tokyo, Japan).
CCK-8 assay
Cell proliferation was determined by Cell Counting Kit-8 (CCK-8, Dojindo, Japan). EOC Cells were seeded by density of 2×10 3 cells /well, and incubated with prepackaged CCK-8 solution at 37 °C for 3 hours, after that, cultured in DMEM medium with 10% FBS for 24, 48, and 72 hours. We spectrophotometrically measured the absorbance at 450 nm of the supernatant, by using a plate reader (Bio-Rad Laboratory, Hercules, CA, USA). Cell counts were determined with a calibration curve. A minimum of three independent assays were performed.
Transwell migration and invasion assay
Transwell systems (Corning, USA) were used as we previously described [24] to evaluate metastasis ability of cancer cells. Briefly, for invasion assay, Matrigel (BD Biosciences) was added to the upper surface of a polycarbonic membrane (pore size 8μm) to form a thin gel layer to serve as the ECM. The filter was dried overnight in a laminar hood, and then reconstituted with 100 μl of PBS at 37 ºC for 2 h. The upper compartment of the filter contained the treated cells at a density of 5×10 5 cells/well in 100 μl of DMEM. The bottom filter was filled with 600 μl of conditional medium. After 24-hour incubation at 37 ºC with 5% CO 2 , the polycarbonic membrane was fixed with 4% paraformldehyde for 10 minutes and stained with 0.2% crystal violet solution. Then, the cells on the upper surface of the filter were removed by wiping with a cotton swab. Cells that had penetrated to the lower surface of the filter were counted under an Olympus microscope in three randomized fields at a magnification of 100×. Cell migration assay was carried out in a transwell filter on membrane filters, which were not coated with Matrigel. A minimum of three independent assays were performed.
Western Blot A summary of our Western Blot protocol [24] is as follows. The cell lysate used for Western Blot was extracted within RIPA lysis buffer (Cwbio, Beijing, China), which contains protease inhibitors (Roche, Germany). We quantified proteins by using the BCA Protein Assay Kit (Cwbio, Beijing, China). The Western blot system was established by using a BioRad Bis-Tris Gel system (Bio-Rad, CA, USA). Briefly, we separated approximately 40 μg of protein on SDS-PAGE and transferred it to PVDF membranes (Millipore, Danvers, MA, USA). The membranes were blocked by 5% nonfat milk. Then, the membranes were incubated overnight with the primary antibody (1:100 for ESRP1, 1:500 for Snail, 1:500 for CD44s) at 4°C, followed by a brief wash with PBST and subsequent incubation with a secondary antibody for 1 hour at 37°C. An anti-β-actin antibody was used as a loading control. Finally, ECL solution (Millipore, Billerica, MA, USA) was added to cover the blot surface. The signals were captured and the intensity of the bands was quantified by using the Bio-Rad ChemiDoc XRS+ system (Bio-Rad, CA, USA). At least three independent experiments were performed.
Nude mice, intraperitoneal transplantation and metastasis assay 5 to 7-week-old female balb/c nude mice for use in this experiment were purchased from the Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences (China). We intraperitoneally injected each mouse with 4×10 6 EV-HO8910 or 4×10 6 sh-ESRP1-HO8910 cells. Mice were fed a regular diet and monitored closely. After four weeks, tumors were excised from the mice. We measured each tumor's volume, quantity and weight. The experimental protocol was approved by the Institutional Animal Care and Use Committee of the Hunan Cancer Hospital.
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Statistical analysis
All quantitative data were presented as mean±SEM values. Data from two groups were compared using 
Results

ESRP1 was up-regulated in epithelial ovarian cancer and associated with poor outcomes
Transcripts with greater than 1.5-fold differences measured by gene microarray test in either direction between the two groups (ANOVA p-value <0 .05) were identified. The top ten genes in either direction (p < 0.05) are shown (Fig. 1 Aa), and ESRP1 was significant up-regulated in EOC cases (Fold change = 128.94, p-value = 0.003). Next, we validated ESRP1 expressions in three different datasets from the NCBI GEO (Gene Expression Omnibu) database, which totally including 68 EOC samples and 27 normal ovarian samples (Table 2 ) [26] [27] [28] . Within our microarray data, ESRP1 was consistently and sig- Fig. 1 . ESRP1 was up-regulated in epithelia ovarian cancer and associated with poor outcomesA: Heat map of the top ten genes (p <0 .05) in both directions by an Affymetrix HTA 2.0 microarray test, in which ESRP1 was significant up-regulated in EOC tissues (a). This up-regulation was validated in GEO datasets (b,***p<0.001). Error bars indicate SEM. B: ESRP1 levels in six normal ovarian and eight EOC tissues were measured by Western Blot (a-b,*p<0.05) and qRT-PCR (c, ***p<0.001). β-actin served as a loading control. Error bars indicate SEM. C: In immuno-histochemistry test, ESRP1 was expressed negative or weakly in normal ovarian tissues (a, x200; b, x200) and benign ovarian tumors (c, x200; d, x200), while ESRP1 was abundant in the nuclei of EOC cancer cells (e, x200; f, x400. Red box in e indicates the amplified field presented as f, red arrow in f shows the positive staining). D: The over all survival rate (OS) and progression-free survival rate (PFS) of the high ESRP1 expressing group was significantly lower than that of the low ESRP1 expressing group (OS: p=0.001, PFS: p=0.003). High expression of ESRP1 in EOC may indicate some clinical relevance. To examine the correlations between ESRP1 expression and clinical factors, we divided 109 EOC cases into two groups (Negative/Low group and Moderate/High group) based on ESRP1 expression determined by the immuno-histochemical score. The high ESRP1 expression group (n=50) had higher proportions of advanced FIGO stage (p=0.002), high tumor grade (p=0.000) and residual tumour≥1 cm cases (p=0.000) than low ESRP1 expression group (n= 59) ( Table 3) . Using univariate analysis (Cox's proportional hazards model), the following variables were found to be significantly associated with OS and PFS: FIGO stages, tumor grades, residual tumor volume and expression levels of ESRP1 (p< 0.05; Table 4 and Table 5 ). Survival curves caculated by Kaplan-Meier method and analyzed by log-rank test showed that the survival rates in the low ESRP1 expression group was significantly longer than that in high ESRP1 expression group (Fig. 1 
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ESRP1 down-regulation promoted the invasion and migration by inducing EMT in human EOC cell lines
To assess the role of ESPR1 in EOC cells, we initially characterized ESRP1 expression in human EOC cell lines by qRT-PCR. The ESRP1 expression was high in HO8910 and OVCAR-5 cells, but low in A2780 and SKOV-3 cells (data not shown). We down-regulated ESRP1 expression in HO8910 and OVCAR-5 cells by using sh-ESRP1 lentivirus vector. Stable transfected cells (sh-ESRP1-HO8910 and sh-ESRP1-OVCAR-5) were confirmed by qRT-PCR and Western Blot. By comparing the stable transfected cells with mock-transfected cells (EV-HO8910 and EV-OVCAR-5) (Fig. 2 A) , we found that there was no significant change in cell proliferation between EV-HO8910 and shESRP1-HO8910, or EV-OVCAR-5 and sh-ESRP1-OVCAR-5 (data not shown). However, the down-regulation of ESRP1 significantly increased migration (p<0.001) and invasion (p<0.001) of EOC cells (Fig. 2 B) . Furthermore, we observed that the increasing the expression of ESRP1 in EOC cell line SKOV-3( Fig. 3 Chen et al.: ESRP1 Plays an Important Role in EOC through EMT Process C) did decrease the ability of migration and invasion (Fig. 3D) . Again, no difference in cell proliferation was observed (data not shown). ESRP1 was reported to play important roles in EMT process. We then examined several EMT markers by qRT-PCR after down-regulation of ESRP1 in HO8910. The expressions of mesenchymal markers N-cadherin, Vimentin and fibronectin were up-regulated, whereas epithelial markers E-cadherin and ZO-1 were down-regulated in sh-ESRP1-HO8910 when compared with EV-HO8910 cells (Fig. 2 Ea) .
Immunofluorescence staining also revealed a significant up-regulation of mesenchymal marker α-SMA in sh-ESRP1-HO8910 cells (Fig. 2 Eb) . All of the results indicate that EMT was induced by down-regulation of ESRP1, thus promoting invasion and migration of EOC cells. with focus on CD44 as the critical ESRP1 target gene. We used Sh-ESRP1HO8910 cells to explore the alternative splicing events in EOC. We identified isoforms of FGFR2 and CD44 switching in ESRP1 down-regulated EOC cells through qRT-PCR. Downregulation of ESRP1 resulted in isoform switching from FGFR2-IIIb to FGFR2-IIIc (Fig. 4 A) , as well as from CD44v (mainly CD44v7) to CD44s. However, the total amounts of CD44 in HO8910 and Sh-ESRP1-HO8910 cells were the same (Fig. 4 B a-b) . In addition, FGFR2-IIIc did not play a role in cell motility (data not shown). CD44 has been implicated in a variety of physiological processes in addition to cancer cell invasion and metastasis [29] [30] [31] [32] [33] [34] . To assess the effect of the isoform switching from CD44v to CD44s in Sh-ESRP1-HO8910, we decreased CD44 expression in sh-ESRP1-HO8910 cells by transfecting siRNA against CD44 (si-CD44-sh -ESRP1-HO8910) (Fig.  4 Ca). Interestingly, the migratory and invasive capabilities of si-CD44-Sh-ESRP1HO8910 were significantly decreased to the level where HO8910 cells in the Transwell migration and invasion assay were, when comparing with Sh-ESRP1-HO8910 cells (Fig. 4 Cb) . Thus, the results demonstrated that ESRP1 suppressed EOC cell motility mainly by repressing CD44 isoform switching from CD44v to CD44s.
Effects of ESRP1 in EOC intraperitoneal transplantation and metastasis in vivo
To confirm the effects of ESRP1 in EOC cells in metastasis, we intraperitoneally injected the EV-HO8910 or sh-ESRP1-HO8910 cells to the nude mice. Four weeks after tumor cell intraperitoneal transplantation, mice were euthanized. Tumor growth and metastasis on each mouse were evaluated by tissue examination, tumor weight, and histopathology. We found that the mice injected with Sh-ESRP1-HO8910 developed larger tumors and greater extent of abdominal metastasis than those injected with EV-HO8910 (Fig. 5 A-B. ). We also found that the sh-ESRP1-HO8910/mice test group showed a higher expression of ESRP1 and a lower level of Snail than the EV-HO8910 group /mice (Fig. 5C-D) . Expression of CD44s 
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was decreased in the tumors from the sh-ESRP1-HO8910 mice, in comparison to the tumors from the EV-HO8910 mice (Fig. 5 D) . Meanwhile, E-cadherin expression was increased in the former group while N-cadherin was decresed (Fig. 5 E) . Thus, we were able to confirm that ESRP1 induced EMT promoted EOC cells to migrate from their primary tumor sites in the in vivo models; further, a MET process was detected in metastatic sites, suggesting MET is needed for tumor engraftment and growth of EOC cells at metastatic sites.
Discussion
It has been reported that ESRP1 is critical in regulating cancer subtype specific alternative splicing programs and in mediating EMT specific splicing programs [35, 36] . This study characterized the mechanisms and effects of ESRP1 on metastatic behavior in EOC. High expression of ESRP1 was detected in EOC patients and associated with advanced FIGO stage and poor prognosis through statistical analysis in this study. ESRP2, which is the other important member in the RBM family of RNA-binding proteins, has reportedly played multiple roles in tumor progression [18] . But, in our study, no statistically significant difference in ESRP2 expression was observed between normal ovarian and EOC tissues in Affymetrix HTA 2.0 microarray and IHC test (data not shown). When we generated both down-regulated and up-regulated ESRP1 cell lines, decreasing expression of ESRP1 in HO8910 and OVCAR5 promoted metastatic behavior of EOC cells including migration and invasion both in vivo and in vitro. Over-expression of ESRP1 decreased migration and invasion in EOC cells. In addition, EMT induced by down-regulation of ESRP1 expression promoted a program of alternative splicing associated with metastasis.
We found that products in alternative splicing pathways can be used to identify various breast cancer subtypes, but none were previously identified in EOC. Here, we discovered that a major alternative spliced gene CD44 in ESRP1-expressing EOC cells was associated with cell migration and invasion in EOC. We found that CD44 isoform switching is involved in EMT and metastasis. CD44 expression was reduced in ESRP1 down-regulated EOC cells. Its levels directly correlate with the reduced level of migration and invasion observed in the ESRP1 down-regulated EOC cells. Thus, ESRP1-regulated alternative splicing of CD44 mRNA enhances EOC cells migration and invasion.
It is important to elucidate the mechanisms underlying ESRP1 expression. Previous reports showed that EMT-associated transcription factors (δEF1, SIP1, Snail, Slug, and Twist) down-regulate ESRP1 or ESRP2. ESRP1 expression could be affected by the epigenetic status of the ESRP1 locus, as well as by the EMT status. In some cases, splicing genes were themselves differentially spliced. For example, a long transcript variant of Rbfox2 (NM_053104) was up-regulated in Wnt-5a-4T1 cells while the short variant (NM_001110830) was down-regulated [37] . In the case of EOC, ESRP1 expression plays a role in EMT-related mechanisms since there were differences in the expression of EMT markers in ESRP1 down-regulated EMT cells. TGF-β induced EMT in EOC cells by triggering the down-regulation of ESRP1. Similar to the previous study in human mammary epithelial cells and HCT116 colon carcinoma cells [25] , Snail also regulated ESRP1 expression by binding directly to the E-box structure in the promoter of ESRP1, as confirmed by a Dual-Luciferase Reporter assay system. Up-regulation of Snail caused a repression of ESRP1 in EOC cells. High ESRP1 can inhibit Snail-induced EMT in EOC cells.
In this study, we showed that the phenotypic and tumorigenic properties of EOC cells are relative to the type of CD44 isoform. A CD44s isoform displays an EMT phenotype, and is more invasive in EOC cells. In comparison, CD44v isoform cells were more epitheliallike and less invasive. A study by Brown et al. showed that an EMT phenotype (mainly the CD44s isoform) and EMT induction in HMLE cells was associated with a switch from mainly CD44v isoform expression to CD44s predominance [34] . Numbers of studies suggest that expression of CD44 variants including CD44v3 and v6 are associated with metastatic lesions [21, [38] [39] [40] [41] . The functional differences of CD44 molecules that possess single or multiple variant exons is not clear and needs further investigation in EOC. The high level of CD44s expression in EOC suggests that CD44s isoform plays an important role in tumor cell plasticity contributing to increased invasiveness. However, this study does not rule out the possibility that minor variant isoforms contribute significantly to these properties.
The functional significance of ESRP1 in HO8910 cells was further assessed by using an orthotopic mice model. Tumors developed from ESRP1 down-regulated cells grew and metastasized more rapidly than untreated EOC cells. However, once tumors grew as orthotopic implants in vivo, the tumor cells underwent CD44 isoform switching, re-gained ESRP1 expression, and gained the epithelial marker E-cadherin, which is expressed at a low or undetectable level in the original ESRP1 down-regulated EOC cells. This phenomenon suggests that tumor cells from ESRP1 down-regulated EOC in mice undergo MET and that a CD44 isoform switch may be required for this to occur.
EMT and MET are dynamic processes in tumor progression. The former, EMT, is involved in invasion, tumor metastasis and stem cell properties; whereas converting back to the epithelial phenotype may favor tumor growth [42] . Once engrafted, EMT-like tumor cells may convert to MET. In this study, EMT appears to be closely associated with the loss of ESRP1 and an increase in expression of CD44s. Our observation is consistent with -HO8910 ) may convert to MET more rapidly with the high-expression of ESRP1. Because of the lack of effective methods for early diagnosis, many EOC patients are in advanced stages and already have orthotopic implants when they go to clinic. This may explain why expression of ESRP1 was higher in EOC tumors than in normal ovarian tissues and that high ESRP1 expression in EOC was associated with poor clinical outcomes as we presented. Interestingly, the expression of ESRP1 is also plastic in oral squamous cell carcinogenesis [18] : ESRP1 is up-regulated relative to its level in normal epithelium but down-regulated in invasive fronts. Importantly, ESRP1 is re-expressed in the lymph nodes, where carcinoma cells metastasize and colonize.
In conclusion, our study has shown that alternative splicing of CD44 by ESRP1 induces EMT directly and affects EOC progression; ESRP1 is a critical factor in maintaining an epithelial phenotype and serves as a barrier for the transition to the mesenchymal state. Since EMT is considered an early step in metastatic progression and EMT is frequently reactivated during cancer metastasis and recurrence, defining the role of splicing factors such as ESRP1 in regulating EMT may advance our ability to prevent these deadly aspects of EOC progression. Novel biomarkers of EMT that we identified in the Snail-ESRP1-CD44 axis may guide the development of new diagnostic and prognostic tools if confirmed in a large cohort of patients. 
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